INTRODUCTION
The dangers from ice accretion on lifting surfaces are well known to the aerospace community (1) . The formation, development and influence of ice accretions has been studied (2) (3) (4) (5) . A review of the aerodynamics of iced aerofoils can be found in Ref. 1 .
Fixed wing and rotary wing aircraft have different requirements from the numerical simulation of ice accreted aerofoil performance. It is paramount for fixed wing aircraft to achieve the high lift coefficients demanded in take-off and landing. Multi-element wing sections are commonly deployed for these demanding flight conditions and numerical assessment must be demonstrated for this type of aerofoil. Significant deterioration in lift could be catastrophic, so being able to predict the stall point for a given ice shape on a multielement aerofoil is vital.
In contrast rotary wing aircraft are potentially limited by the power that the engines can deliver. Generally the greatest demand for power is in transient flight conditions, such as high speed back turns or an approach to landing. Along the span of the blade and in forward flight a given aerofoil section will experience a range of local velocities and angles-of-attack and numerical assessment must
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Ice accretions can significantly change the aerodynamic performance of wings and rotor blades. Significant performance degradation can occur when ice accreations cause regions of separated flow, to predict this change implies, at a minimum, the solution of the Reynolds-Averaged Navier-Stokes equations. This paper presents validation for two generic cases involving the flow over aerofoil sections with added synthetic ice shapes. Results were obtained for two aerofoils, namely the NACA 23012 and a generic multi-element configuration. These results are compared with force and pressure coefficient measurements obtained in the NASA LTPT wind-tunnel for the NACA 23012, and force, PIV and boundary-layer measurements obtained at DNW for the multi-element case. The level of agreement is assessed in the context of industrial requirements.
NOMENCLATURE
c chord length (9) used the NSU2D flow code with the one equation Spalart-Allmaras turbulence model to perform calculations on this test case using a 2D unstructured grid. Comparisons with experimental measurements (10) showed that the trends of the aerodynamic features were well predicted (especially the pitching and hinge moments) associated with the ice shapes. Lift and drag predictions were reasonable up until the point where the flow was fully separated. A much faster pressure recovery than the experimental data, was predicted in the large separation region aft of the ice shape. This discrepancy worsened for increasing incidence and was attributed to the turbulence models inadequately predicting the amount of entrainment in the shear layer. The discrepancy for higher angles where the flow was fully separated was of a similar magnitude. This was attributed to the fact that the reattachment point had become fixed at the trailing edge for both the measurements and calculations.
Pan and Loth (11) performed RANS calculations to match the conditions of the LTPT measurements. They used the WIND flow solver with various turbulence models including the Spalart-Allmaras oneequation model. Good prediction of flow properties and integrated flow quantities was found up until the stall. It was concluded that the RANS method could not accurately capture the unsteady flow characteristics associated with iced aerofoils especially near and after stall. Plots of integrated aerodynamic coefficients were compared to experimental measurements.
Pan and Loth (12) presented results from calculations using the Detached Eddy Simulation (DES) approach with the aim of improving stall predictions. The WIND 5.0 flow code was used along with a Large Eddy Simulation (LES)/RANS hybrid approach based upon the Spalart-Allmaras turbulence model. The calculations were compared to experimental measurements and to their existing RANS study. It was found that this method showed a more obvious stall (that was at about the same incidence as the experiments) compared to the RANS method. However, the approach over predicted the force coefficients before stall and they dropped off more quickly after it.
Two sets of measurements are available for the current study. The first set was collected at the NASA Langley Low Turbulence Pressure Tunnel and is referred to as the LTPT data (8) . The second set of test data was collected at the University of Illinois UrbanaChampaign, and is referred to as UIUC (6) . The second case studied in this paper represents the outer wing section of an airliner, and is shown in Fig. 2 . It is a two-component high lift configuration consisting of an aerofoil with a single trailing edge flap, which is deflected by 18°. A leading edge glace ice shape, the geometry of which was generated from an ice accretion calcutake account of this variation in local Mach number and incidence. A large drag rise could be catastrophic. Thus predicting the drag rise due to a given ice shape across a range of Mach numbers and angles of attack is essential.
The first test case examined in this paper is based on the NACA 23012 aerofoil. The aerofoil is modified by introducing a quarter circle shape on the surface as shown in Fig. 1 . The added quarter circle is intended to represent the effects of spanwise ridge ice. This type of ice accretion acts as an obstacle to the flow and usually occurs downstream of the leading edge (1) . The ice shape causes the flow to separate and trips transition. If the angle-of-attack is small enough the flow reattaches downstream of the ice accretion, leaving a large region of recirculation flow. At moderate angles of incidence the reattachment point moves to the trailing edge, completely stalling the aerofoil. Modelling of the re-attaching flow presents a significant challenge to Reynolds-Averaged Navier-Stokes (RANS) codes.
Lee and Bragg (6) conducted an experimental investigation on a NACA 23012m section with a 25% chord simple flap and a forward facing 0·25in quarter-round shape (height to chord ratio 0·0139) at different chordwise locations (x/c = 0·02, 0·10 and 0·20), one of which is shown in Fig. 1 . Their results showed reduced lift curve slopes in the linear region compared to the case of a clean aerofoil and gradual stall characteristics similar to those of a thin aerofoil. The maximum lift coefficient was reduced considerably and was worst for x/c = 0·10. This case also had the lowest stall angles. A fluorescent oil flow visualisation technique was used to aid analysis of the flow field. For the case of the ice shape at 10% chord a primary bubble upstream of the ice was observed at 7% chord for α = 0°. The separation point moved upstream to the 5% chord location for α = 3° and stayed there until α = 5°. Evidence of a secondary bubble was observed but was difficult to measure.
Broeren and Bragg (7) investigated the effect of different aerofoil geometries on the performance of ice contaminated aerofoils. A large reduction in maximum lift of the NACA 23012 was observed and was attributed to the suction peak being located near to the ice accretion. It was confirmed that forward loaded aerofoils are likely to be more sensitive to ice accretions near the leading edge in terms of maximum lift degradation.
Broeren et al (8) presented the key findings of a three-year experimental investigation into the effects of ice shape and aerofoil geometry. The report used the University of Illinois Urbana Champaign (UIUC) data and a set of data recorded in tests at the NASA Langley Low Turbulence Pressure Tunnel (LTPT). The testing at the Langley tunnel allowed investigation of higher Reynolds and Mach number effects on the iced NACA 23012 section. made which reduce the size and improve the conditioning of the linear system without compromising the stability of the time marching. The equations are solved on block structured grids. A wide variety of unsteady flow problems, including cavity flows, aerospike flows, delta wing aerodynamics, rotorcraft problems and transonic buffet have been studied using this code. More details on the flow solver can be found in Badcock et al (18) . Two RANS turbulence models are used in the current paper. The k−ω model is a two equation Boussinesq based model (19) . The model uses two variables, namely the specific turbulent kinetic energy k and the specific dissipation rate per unit turbulent kinetic energy ω. To calculate these variables two additional transport equations are solved. The full formulation and closure coefficients used are given in reference (20) . The Spalart-Allmaras model (21) solves a single transport equation for a working variable related to the turbulent viscosity. The model was derived through dimensional and invariance considerations, and has a wall destruction term which reduces turbulence in the sublayer. Again, the full formulation and closure coefficients used are given in reference (20) .
CASE 1 -NACA23012
All calculations were performed on multi-block structured grids. The grids consist of 18 blocks, using a C-type topology adapted to the ice-shape. Two grid levels were used to ensure the solution was grid independent. An initial fine grid was constructed containing 129772 cells and 496 points were used to define the aerofoil surface and the initial cell spacing was set to 5 × 10
c, which corresponded to a y + always less than one. An intermediate grid was obtained by removing every other point, leaving 32442 quadrilateral cells. A grid overview and details around the ice shape is given in Fig. 3 .
The test data available includes measurements for a clean geometry and an iced section. The LTPT measurements were made at a Mach number of 0·208 and a Reynolds number of approximately 2 × 10 6 . The starting point for the computational study was to examine the flow for the clean geometry. Figure 4 shows surface pressure coefficient distributions at two incidence angles. Overall the agreement obtained with the measurements using the k − ω and SA models is good. Results obtained with a potential method coupled with an Integral boundary-layer formulation (implemented in the XFOIL code (22) ) are included for comparison. At both incidence angles shown in Fig. 4 , there is a closer agreement between the numerical methods than between the two sets of experimental data. It is clear that all numerical results show a very good level of lation, contaminates the main section. The ice shape extends from 0·15c on the lower surface to 0·03c on the upper surface. Because the ice is formed around the leading edge, these ice formations usually have a less dramatic impact on the flow than the previous case. Downstream of the ice horn a separation bubble is formed and a shear layer is created. The shear layer becomes turbulent and this encourages reattachment further downstream if the incidence angle is shallow enough.
Tests on this configuration were performed in the German-Dutch Low Speed Wind-Tunnel (DNW-LST) in December 1993 (13) . Tests on a clean section with no transition tripping were performed as a reference. The boundary-layer velocity profile at 0·8c on the upper surface, along with the pressure distribution were. measured in addition to the aerodynamic forces for a range of angles of attack. A decrease of around 40% in maximum lift due to the presence of ice was observed with a significant increase in drag. boundary-layer thickness was greater for the iced case than the clean test. In 2006 a second set of tests was carried out which collected PIV measurements in the flowfield above the upper surface (14) . The paper continues with a summary of the computational approach used. Then predictions are compared with the measurements for each case in turn. Finally conclusions are drawn.
COMPUTATIONAL APPROACH
The RANS equations describing the flow field are discretised on curvilinear multi-block body conforming grids, using a cell-centred finite volume method, which converts the partial differential equations into a set of ordinary differential equations. The convective terms are discretised using Oshers (15) upwind method. Monotone Upwind Scheme for Conservation Laws (MUSCL) variable extrapolation (see Van Leer (16) ) is used to provide secondorder accuracy with the Van Albadas limiter to prevent spurious oscillations around shock waves. Following Jameson (17) , the spatial residual is modified by adding a second order discretisation of the real time derivative to obtain a modified steady state problem for the flow solution at the next real time step, which is solved through pseudo time. This pseudo time problem is solved using an unfactored implicit method, based on an approximate linearisation of the residual. The linear system is solved in unfactored form using a Krylov subspace method with Block Incomplete Upper Lower (BILU) preconditioning. The preconditioner is decoupled between blocks to allow a very high efficiency on parallel computers with little detriment to the convergence of the linear solver. For the Jacobian matrix of the CFD residual function, approximations are of turbulence in the recirculation probably arise from the production terms reacting to flow gradients in a way that is unrealistic. Rotation will be dominant in the centre of the recirculation whereas shear produces turbulence. The linear model is unable to distinguish between the two and simply sees strain rate gradients which produce turbulence. This will act to reduce the velocity in the recirculation. Velocity mean and fluctuation measurements would be needed to test this explanation. Skin friction measurements would also assist comparing the extent of the recirculation zone. In addition, at least at the high angle the massively separated flow is likely to be unsteady, and despite the wind-tunnel model, 3D flow effects are also likely to influence measurements. The treatment of such complexities were beyond the scope of this study. Most importantly, the comparisons of aerodynamic loads show the predictions to be in good agreement with measurements. In particular the differences between the predictions and the measurements for the iced case are small when compared to the change between the iced and clean cases, as shown in Fig. 8 . The divergence point for C l between the clean and iced aerofoils, is underpredicted by 3°, this is likely to be related with the underprediction of the extent of the recirculation flow on the upper surface. Nevertheless, the general trend is well captured by CFD. At higher incidence angles, the lift values approximate measurements within 1%. Drag for the clean aerofoil is well predicted and the resultant differences with the iced section are obvious; the C d plot shows the predictions to overestimate drag slightly, however the results show a good ability in drag prediction for this type of flow. agreement with the LTPT data. However, there is a significant discrepancy with the UIUC data for the lower surface where good agreement is expected. This comparison leads us to use the LTPT data for the iced comparisons.
The iced section results show two distinct regimes as incidence angle increases. Initially the flow separates immediately after the ice shape and reattaches on the aerofoil surface. This reverse flow region develops until 5°, where the flow no longer manages to reattach. Figure 5 shows the surface pressure coefficient at both these stages. At 0°, capturing the attachment point proves challenging. For this case the SA model shows very good overall agreement, whereas the results with the k−ω model underpredict the suction peak downstream of the ice shape, this model also creates a longer recirculation zone than observed in the experiment and the results from the SA model. Both models also demonstrate difficulties in capturing the correct suction levels upstream of the ice shape. At the angle-of-attack of 5°, both turbulence models predict the large recirculation zone, however both computations underpredict the pressure levels on the upper surface. The presence of 3D effects for massively separated flow is a source of uncertainty in the measurements. Figure 6 illustrate the flowfield at 0° and 5°. The predictions of the two models are similar. The streamlines show the larger recirculation bubble predicted by the k−ω model. However, the turbulent Reynolds number in Fig. 7 shows larger differences. At 0°, the turbulence levels produced by the k−ω exceed the levels produced by the SA model, in particular in the trailing edge/wake region. The results at 0° indicate that the excess turbulence levels by the k−ω model do not force the reattachment of the flow downstream of the ice shape. The high values c, which resulted in the normalised distance y + to be approximately one. A medium grid was extracted by removing every other point of the initial fine grid, resulting in 57292 cells. The grid overview and ma jor details are illustrated in Fig. 9 .
Comparisons of the measured and computed lift coefficient, and pressure coefficient at three and five degrees are shown in Fig. 10 . For the lift coefficient the measurements with and without the ice shape, and the computation with the ice shape are included and the
CASE 2 -OUTER WING SECTION
The second test section analysed represents a 2-element high-lift aerofoil. The test conditions consisted of a free stream Mach number of 0·2 and a Reynolds number of 3×10 6 . Further details of the test conditions and geometry can be found in reference (14) . The 2-element aerofoil was also discretised using block-structured grids. The mesh was constructed with 68 blocks, forming a C-type topology over each element. The fine grid contained 177,872 cells, with points clustered around and downstream of the ice-shape as 11 and 12 show the velocity magnitude at 3° and 5° respectively. The extent of the thickening of the boundary layer after the ice shape is clear in both sets of data. At three degrees there is excellent quantitative agreement between the two sets of results. At five degrees, although there is some misalignment in the PIV composite picture, Fig. 12 indicates that the CFD predicts a thicker boundary layer and larger wake region. The separated flow downstream of the ice-shape, interacts with the boundary layer to create a larger region of low speed flow, this is consistent with the C p differences observed in Fig. 10-c) . The wakes downstream of the main element have a strong influence on the flowfield above the flap element; although decrement of lift due to the ice is very well predicted. At the lower angle the pressure coefficient distribution on two grid levels is included and they are in excellent agreement. Also, the agreement with the measurements is very good. At higher incidence angles, the wake from the main element starts to suppress the pressure rise on the flap. The conditions at this stage are related with the recirculation region downstream of the ice shape. Still, the agreement with the measurements is good, with the suction over the flap being slightly over-predicted. The availability of PIV data for this test case, allows direct comparisons between the CFD and experimental flowfields. Figures the iced aerofoil. The agreement with measurements is very good at all incidence angles; the profiles are well approximated with only a minor discrepancies at α = 0°, where the k−ω predicts an early recovery of the velocity. As with the PIV measurements it is clear how thick the boundary layer becomes downstream of the ice shape, and the clean aerofoil boundary-layer measurement shows that the iced aerofoil boundary layer is one order of magnitude thicker. The CFD predicted boundary layers look slightly more turbulent than the measurements, as indicated by the PIV measurements, but the agreement is good.
there are no PIV images around the flap, the influence of the wake is captured by the C p results in Fig. 10-c) .
Finally, boundary-layer measurements obtained from pressure probe data are shown in Fig. 13 . The measurements were taken at 0·8 x/c, i.e. just in front of the trailing edge of the main element, at α = 0°, α = 3° and α = 6°. The validity of these measurements is limited at the higher incidences due to increasing turbulence levels, leading to higher measured velocities, and reducing or possibly even reversing flow velocity. Measurements taken for the clean surface were added to the comparison at α = 0° to illustrate the changes in the boundary layer, the CFD results always refer to 
CONCLUSIONS
Two generic iced aerofoil geometries were considered for the validation of CFD predictions. A good set of measurements was available in each case. The industrial requirements were defined as (a) predicting maximum lift for fixed wing applications and (b) predicting the increased drag for rotary wing sections. In both cases the CFD failed to predict some details due to the limitations of Boussinesq turbulence models for separated flow. In case one the reattachment length was underpredicted and the upper surface suction resulting from the separated flow underpredicted. However, the integrated coefficients were generally in good agreement with the measurements, and the decrease in performance compared with the original clean geometry was well captured. Despite some problems of detail, this level of predictive performance was considered adequate for application. For case two the principal influence of the ice shape was dramatic thickening of the downstream boundary layer after reattachment. The CFD represented this well as judged by the PIV and boundary-layer measurements. Again, the decrement in lift was well represented. Again, these predictions were judged to be adequate for application.
